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OELLUIAR TEUEPHONY SEARCHER 

FIELD AND BACKGROUND OF THE 
INVENTION 

The present invention relates to cellular telephony and, 
more particularly, to a searcher for a DSSS cellular tele- 
phony system. 

In a. DSSS cellular telephony system, the base stations 
identify themselves by transmitting pilot signals. Each pilot 1Q 
signal is a sequence of zero bits, modulated, according to the 
principles of DSSS encoding, by a pseudonoise (PN) 
sequence, or an extended pseudonoise sequence. 

For example, under the IS-95 interim standard, the PN 
sequence is 2" chips long, with the n-th chip including an 15 
in-phase component i(n) and a quadrature component q(n). 
The initial values of i and q are i(l)-q(l)-l and i(n)=q(n)=0 
for 2^n^l5. Subsequent values of i and q, up to n=2 -1, 
are obtained recursively as follows: 



I(a)^(i^lS)+iCa-10>l-i(n-8)+I(n-7}^(n-6)+i(ii-2) 
qCn)-q(n-15)+q(a-12>+<i(n-n>+qO 



(1) 

where the additions are modulo 2. Finally, i(2 15 )«=q(2 :iS >=0. 

The same PN sequence is used by each of the base 
stations. The base stations are synchronized; and each base 
station uses the PN sequence with a different delay (also 
called "PN ofiset") to produce the pilot signal. This enables 
tbe mobile units of the cellular telephony network to dis- 
tinguish one base station from another. 

Tbe..lotal signal received by a mobile station, as a function 
of lime L, is: 
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Here, b indexes the B base stations; m indexes the M b 
transmission paths (multipath channels) from base station b 
to the mobile station; C is the channel gain of multipath 
channel m; x is the additional delay introduced to the PN 45 
sequence by multipath channel m; the "1" inside the brack- 
ets represents the sequence of zeros that is modulated by the 
base stations to produce tbe pilot signals; i indexes the l b 
other users that ore transmitting via base station b at time t; 
a. is the power of user i relative to the pilot signal; D is the 50 
data transmitted by user i; W is a code sequence (for 
example, aHadamard cade sequence) that is used in addition 
to the PN sequence to modulate data D and allow simulta- 
neous transmission on the same physical channel by all the 
users in addition to the pilot signals; and N is additive noise. 55 

Each mobile unit of the cellular telephony network deter- 
mines which base station to communicate with (typically, 
the nearest base station) by correlating this signal with the 
PN sequence at a set of trial delays. Because data D are 
modulated by sequences W, the correlation of the part of the 60 
signal that comes from other users is negligible. The corre- 
lation with the pilot signals also is negligible, except at trial 
delays that are equal to the PN offsets used by the base 
stations, as modified by multipath delays t. Specifically, a 
pilot signal that arrives at a delay, that is equal to the sum of 65 
a base station offset and one of the multipath delays x 
associated with transmissions from that base station, gives a 



significant contribution to the correlation at a matching trial 
delay; and all other pilot signals contribute negligibly to the 
correlation at that trial delay. This correlating is performed 
when the mobile station powers up, and continuously 
thereafter, to allow band over from one base station to 
another when the mobile station crosses a cell boundary. The 
delays of the various base stations are well separated, by 
more than the largest anticipated multipath delay, so in the 
absence of additive noise and in the absence of multipath 
delays, only a small number of correlations, equal to the 
number of potential nearest base stations, would have to be 
performed, to identify the base station whose delay gives the 
highest correlation as the nearest base station. According to 
the IS-95 standard, this separation is at least 256 chip 
durations T c . Because the pilot signals and data D are 
received by the mobile station from each base station via 
several paths at different delays (PN ofiset+-c)» the various 
replicas of the signals thus received are combined to sup- 
press the deterministic noise represented by the various 
multipath delays *u. For example, maximal ratio combining 
is the optimal combination method in a bit error rate and 
frame error rate sense. In order to do this combining, the 
multipath delays must be detennined. Therefore, the corre- 
lation is performed at a series of delays in a window centered 
on the nominal delay. The size of this window depends on 
the local topography, and is provided to the mobile unit by 
the base station. One typical window size, according to the 
IS-95 standard, is 60 chip durations. 

FIG. 3 is a schematic block diagram of a mobile station 
receiver 30. RF signals are received by an antenna 60, down 
30 converted to an intermediate frequency (EF) by a down 
converter 62, filtered by a bandpass filter 64 (typically a 
surface acoustic wave filter) to eliminate signals outside the 
required bandwidth, and amplified by an automatic gain 
control 66. The amplified IF signals are multiplied by an IF 
35 sinusoid 65, without (block 68i) and with (block 68q) a 90° 
phase shift 67, to produce an in-phase signal I and a 
quadrature signal Q. In-phase signal I is filtered by a 
low-pass filter 70/ and digitized by an A/D converter 12L 
Similarly, quadrature signal Q is filtered by alow-pass filter 
40 70g and digitized by an A/D converter 72g. A searcher 80 
receives the digitized signals and performs the conelations 
needed to determine the various multipath delays "C inside 
the target window. The digitized signals are again correlated, 
at the delays detennined by searcher 80, by the correlators 
of a correlator bank 74, and the outputs of correlator bank 74 
are combined, in a maximal ratio sense, in a rake combiner 
76 to produce the final output signal 

In order to ensure uninterrupted communication as a 
mobile station crosses from one cell to another, the corre- 
lations performed by searcher 80 must be performed rapidly. 
In fact, it is not necessary to perform the full correlation at 
each delay in the window. It suffices to perform a correlation 
that is only long enough to ensure a high detection prob- 
ability at the right delay and a low false alarm probability at 
the. wrong delay. Typically, the length of the correlation, 
measured as a multiple N of the chip duration T c , is between 
500T C and 2000T C . 

To make the correlations even more efficient, the dual 
dwell algorithm is used. At each delay in the window, the 
correlation is performed for a number M of chip durations 
that is less than N. Only if the correlation value after M chip 
durations exceeds a certain threshold is the correlation 
performed for the full N chip durations. The threshold, and 
the parameters N and M, are chosen to maximize the 
detection probability while minimizing both the false alarm 
probability and the time spent correlating. See, for example, 
M. K. Simon, J. K. Omura, R. A. Scholtz and B. K. 
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13, and D. M- Dicarlo and C. L. Weber, "Multiple dwell formed by each correlator 20 is 
serial search: performance and application to direct 

sequence code acquisition", IEEE Transactions on Commit- 5 ^„V»^ .PN' 

nicotians vol. COM-31 no. 5 pp. 650-659, May 1983. In the - g*W*W, 
prior art implementation of this algorithm, several correla- 
tors are used by searcher 80 to correlate the received pilot 

sienal with the PN sequence at several adj acent delays m the where the RX fc are successive values of the received signal 

wmdow If uone of the correlation values exceeds the 10 of equation (3), the PN* are successive values of the PN 

threshold atler M chip durations, then the correlators are sequence received by correlator 20 from PN sequence 

used to correlate the received pilot signal with the PN generator 12, and the summation index k runs from 1 to an 

seouence at the next several adjacent delays. If at least one upper limit El The received signal is not necessarily sampled 

of the correlation values exceeds the threshold afierMchip at foe same rate as the PN sequence. In the examples 

durations then all the correlations are continued for the full 15 presented herein, new samples RX* are proved to correia- 

N chio durations, but only the correlation values obtained by tors 20 by A/D converters 72 at time intervals of TJ2. The 

the correlators whose correlation values exceeded the parH m B ter v represents the time at which the correlation 

threshold after the initial M chip durations are actually performed by a particular correlator 20 starts. The parameter 

considered The brute force approach to reducing search y represents the delay at which the correlation is per^rmcd, 

time adding more correlators, is inefficient, because the 20 relative to the time at which the correlation starts. The 

more correlators that are used, the more likely it is that one samples RX* and PN* are complex, and the asterisk repre- 

of the correlators passes the threshold. In that case, the other S ents complex conjugation: PN fe is the complex conjugate 

correlators, which did not pass the threshold, continue to of PNjfc . For example, in a searcher 10 with four correlators, 

correlate unnecessarily for the full N chip dilutions. ^e correlation performed initially by the first correlator 20 

There is thus a widely recognized need for, and it would 25 

of many correlators. 

BRIEF DESCRIPTION OF THE DRAWINGS 30 ****** * *" 
The invention is herein described, by way of example 

only, ;with reference to the accompanying drawings, ^^o^^pkct^st^PN^ ^ 

wherein: - ^OMJPN&TcK ... «> 

FIG 1 is a partial block diagram of a searcher of the 1 

present invention, the correlation performed initially by the tiurd correlator 20 

HG. 2 is a flow chart for the decision of whether to move fe. 

a correlator to a new delay; ^ - . S -RXraPN(OH^zr c )PNCr c Hi«(3T 1 0PN(2Tj 

PIG. 3 (prior art) is a schematic block diagram or the + rx(4TJp^t c ^ ... CD 

receiver of a cellular telephony mobile unit 40 „ J . . . ni , - rth „ orT _ 

™ — _ xTrraTiTiXTT^s and the correlation performed initially by the fourth corr- 

DESCRIPTION OF THE PREFERRED ™ 
EMBODIMENTS 

The present invent is of a cellular telephony searcher ™W-™™WM „ 

which can be used by a mobile station to identify the several 4S «mw«rau *>* 

strongest multfpath components of nearby base stations (in equations (5)-( 8 ). RX and PN ore shown as functions of 

faster than presently known searchers. time, rather than as sampled values.) Note that correlators 20 

The principles and operation of a cellular telephony do not aU start collating at toe some time. In Uiis example, 

searched according to the present invention may be better the first correlator 20 starts correlating at tone t=0; the 

understood with reference to the drawings and the accom- so seC ond correlator 20 starts correlating at tmiet=l/-; me 

panying description. third correlator 20 starts correlating at tone t-T ; and die 

Referring now to the drawings, FIG. 1 is a partial block fourth correlator 20 starts correlating at time t=3T,y2. Note 

diaSanfofa searcher 10 of the present invention. Searcher ,dso that, in this example at least, each correlator 20 receives 

10 Scludes a PN sequence generator 12, a delay line 14 that the PN sequence with a delay corresponding to the tunc at 

in mm includes several complex delay units 16, a multi- 55 wh ich that correlator 20 starts its ^calculation. After M chip 

Sex^lSsevetal correlators 20, ahold unit26 and a next durations T e CK=M), S k =S M is the first dwell correlation 

tocation ima 28 Twim each correlator 20 is associated an value. After N chip durations T C (K=M), S^is the second 

index register 22 and a memory 24. Memory 24 includes dwell correlation value. 

several complex registers and several corresponding integer Similarly, clock 32 is not part of searcher 10, but is the 

SteTSfdScJSd below. For fllustrational simplicity, m sys tem clock of the mobfle station of which se^cherlOis 

onW two correlators 20 are shown, and only six delay units a faigh level component Oock 32 drives PN 

16 ^rV shown in delay line 14. In practice, the preferred generator 12 under the control of hold unit 26, as described 

number of correlators 20 is at least 8. The preferred number below. , 
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receive from A/D converters 72 one of two different values 
IOC* but each correlator 20 receives from PN sequence 
generator 12, via delay line 14 and multiplexer 18, a 
different value depending on the value of an index 

stored in index register 22 associated with that correlator 20. 5 

Conceptually, once every T c interval, each correlator 20 
performs the multiplication RX^PrV a°d adds the complex 
product thus obtained to a correlation value stored in one of 
the complex registers in memory 24 associated with that 
correlator 20. Because the possible values of the PN* 10 
samples are either +1 or -1, there is no need to actually 
perform multipHcations. Instead; only additions or subtrac- 
tions of the in-phase and quadrature components of RX* arc 
actually performed. This allows a significant reduction in the 
complexity and electrical current consumption of searcher 15 
10. 

For example, let A^ReCRX^+ImpOQ and let B=Re 
(RXO-ImCRXx). If Re(PN*3=l and ImCPN^^l, then 
RefiE& JrV>A and Im(RX 4 PN ifc ')--B. If Re(PN^)-l and 
ImCFN^-l, then Re(RX Jt PN J ,*)=B and Im(RX^PN/)»A. If 20 
Re(PN/)=-l and Im^N^-l. then Re(RX x PrV)=-B and 
ImORXJPNv*)— A. If ReCPN*)— 1 and ImCPN^-l, then 
Re (RX^PNj/) =>- A and ImC^PN^B. Instead of transfer- 
ring RX* directly from receiver 30 to correlators 20, RX* is 
sent to an arithmetic unit (not shown) that computes A and 25 
B and sends A and B to the appropriate correlators 20. Each 
correlator 20 then adds ±Aor±B to the real part and the 
imaginary part of the correlation value, depending on the 
signs of the values of Re(PN^ and Im(PN*) concurrently 
provided by multiplexer IS to that correlator 20. 30 

Another method of avoiding actual multipHcations 
exploits the tact that only the absolute values of the corre- 
lation values S are actually needed, to further reduce the 
number of calculations and achieve a further reduction in 
electrical current consumption by searcher 10. If ttre com- 35 
plex PN sequence of every correlator 20 is rotated 45°, then 
either the real part or the imaginary part of every PN fc sample 
is equal to zero. Each correlator 20 then adds either *Re 
(RX;t) or rtlmCRXjt) to the real part or the imaginary part of 
S, depending on the sign of the non-zero component of PN*, 40 
without the intervention of the arithmetic unit. The rotation 
as described implicitly divides the complex PN sequence by 
the square root of 2. If only the relative values of S are 
required, then the system software uses these values of S as 
produced by correlators 20. If the absolute values of S are « 
needed, then the system software normalizes the values of S 
that it obtains from searcher 10 by multiplying those values 
by the square root of 2. 

Each delay unit 16 receives the PN sequence, either 
directly from PN sequence generator 12 in the case of the 50 
first (leftmost) delay unit 16, or from the immediately 
preceding delay unit 16. Each delay unit passes the PN 
sequence, with a fixed delay D, to multiplexer 18 and 
(except for the last (rightmost) delay unit 16) to the next 
delay unit 16. PN sequence generator 12 also passes the PN 55 
sequence directly to multiplexer 18. Thus, if there are N^ 
delay units 16 in delay line 14, multiplexer 18 receives 
No+1 copies of the PN sequence, with mutual relative 
delays D. The size of D, and the sampling rate at which RX* 
samples arc provided to correlators 20, are selected to give 60 
searcher 10 the required time resolution. In the example of 
equations (5)-(8), in which the sampling rate of RX* is 
(TJ2)- 1 , the time resolution of searcher 10 is TJ2. 

Searcher 10 functions under the overall control of the 
system software to search for the delays, in all the relevant 65 
windows, that give correlation values that are significantly 
meariingful (ie., above background noise) to be useful in 



identifying the strong neighboring base stations and in 
demodulating the signals received from these base stations. 
For each window, the search process is i n itializ ed by setting 
the delay of PN sequence generator 12 to the first (earliest) 
delay in the window, by setting the indices stored in index 
registers 22 to values corresponding to the first L delays in 
fiie window (L being the number of correlators 20), and by 
zeroing the complex registers of memories 24. 
Subsequently, hold unit 26 delays PN sequence generator 12 
further, as described below. In all cases, hold unit 26 delays 
PN sequence generator 12 by blocking timing signals from 
clock 32. 

Whenever a correlator 20 finishes a correlation over M 
chip intervals, next location unit 28 decides whether that 
correlator 20 should continue correlating at its current delay 
or should move to the next delay. FIG. 2 is a flow chart of 
this decision. If K=M (block 40), correlator 20 has finished 
the first dwell correlation, so the absolute value of Sx^Sj^is 
compared to the first dwell threshold (block 42). If |S^ is 
less than or equal to the first dwell threshold, the correlation 
at the current delay has failed; so correlator 20 is moved to 
the next delay that needs to be tested (block 48). If ISjJ 
exceeds the first dwell threshold, then correlator 20 stays at 
the current delay (block 46) and continues the summation of 
equation (4) until N terms RX^PN/ have been summed. If 
K>M (block 40), then, in the general case of N>2M, either 
correlator 20 is in the middle of computing the second dwell 
correlation value SjJJMX) or correlator 20 has finished 
computing the second dwell correlation value (K1=N) (block 
44) If correlator 20 is in the middle of computing SN, then 
correlator 20 remains at the current delay (block 50). 
Otherwise, correlator 20 is moved to the next delay that 
needs to be tested. 

In the special case of N=2M, K>M implies K=N 3 so the 
tt no M branch of block 40 leads directly to block 48. 

Most preferably, the exact absolute value of is not 
compared to the threshold. Instead the following piecewise 
linear approximat ion of |SjJ, which is based on a linear 
approximation ofVl+x* and which is easier to implement in 
hardware than an exact numerical calculation of the absolute 
value of S^r, is used for the absolute value of S^. 

|S^nfflX(lRB(S M )|,|lm^ <9> 

This approximation is sufficiently accurate for first dwell 
thresholding, and allows the implementation of the first 
dwell threshold decision in a hardware unit that is smaller, 
and consumes less electrical current, than would otherwise 
be necessary. By contrast, the exact absolute value of S*- is 
computed, for trial delays that pass the first dwell threshold, 
in software, so that the various |S^|*s can be compared to 
determine the delays with the largest |S^s. The fact that only 
a small number of trial delays pass the first dwell threshold 
keeps the associated computational load on the system 
software relatively low, with no sacrifice in accuracy. 

Recall that each memory 24 includes several complex 
registers for storing S^. The register depth, i.e., the number 
R of complex registers, depends on how often (multiple of 
MT e ) an interrupt is generated to allow the reading of the 
most recently calculated value of S and the reading of the 
index value in the associated integer register. For example, 
if the interrupt is generated every 2MT C , then R should be at 
Least 2, and in general if the interrupt is generated every 
yMT,- (y being an integer) then R should be at least as great 
as y/lf y<R, then the R complex registers are activated 
cyclically, giving the system software more time to respond 
to interrupts. R and y are implementation-dependent param- 
eters. There are several considerations in the selection of the 
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optimum values of y and R. Values of y and R that are too 
small put too much of a burden on system software. Large 
values of y and R require a correspondingly long delay line 
and a larger chip area devoted to memories 24. The preferred 
value of both R and y is 2. Most preferably, lo mfnimiTn the 
burden on system software, an interrupt is issued to system 
software only when all correlators 20 have filled their 
respective memories 24. 

Next location unit 28 also includes a next location regis- 10 
ter. At the start of correlation in a given window, the value 
in the next location register is set to the index con^onding 
to the first delay after the initial L delays. Subsequently, 
whenever block 48 is reached for a given correlator 20, the 
value stored in the next location register is: 

(a) copied to index register 22 of that correlator 20 and 
then 

(b) changed to the index corresponding to the delay 
immediately following the delay to which that correla- 
tor 20 has now been seL 

Every yM chip intervals, while the interrupt service 
routine reads the output of searcher 10, the system software 
deteirnines the delay of the locally generated PN sequence 
that is to be used now by each correlator 20, and signals hold 25 
unit 26 to pause PK sequence generator 12 until the timing 
of the generation of the PN sequence by PN sequence 
generator 12 matches the earliest delay of the forthcoming 
M chip intervals. At the same time, multiplexer 18 shifts the 
input of the PN sequence to each correlator 20 
correspondingly, to preserve the continuity of input to each 
correlator 20. This allows the use of a delay line 14 that is 
much shorter than the window. Specifically, the minimum 
value of No, the number of delay units 16 in delay line 14, 35 
is 
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fail threshold 4 
fail threshold 4Vi 
feil threshold 5 
fell threshold SVi 
fail threshold 6 
feil threshold GVz 
feil threshold 7 
feil threshold TA 
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Note: All the 
all the index 



correlators have failed the first dwell threshold. Therefore, 
registers arc incremented by 4. 

TABLE 3 

Status at ^ 1D24-T,. 



2 M 



40 



45 



50 



where Ais an implementation dependent parameter: A=Ly/2, 
where y is the interrupt interval factor defined above. 

Preferably, the components illustrated in FIG. 1 all are 
implemented in hardware. The details of such a hardware 
implementalion will be obvious to those skilled in the art 

The following is an example of the functioning of 
searcher 10, with L=8 correlators 20 and with D^T^, 
M=512, N=3M=1536 and y=2. In this example, the value of 
the indices in index registers 22 and in the next location 
register of next location unit 28 are given as (possibly 
fractional) multiples of T c . In practice, because index reg- 
isters 22 are integer registers, the values actually stored in 
index registers 22 are appropriate integral multipliers of D. 
Similarly, the delays are expressed as multiples of T c relative 55 
to the center of the window. A correlator 20 is said to "fail 
the first dwell threshold" if that correlator 20 produces a first 
dwell correlation value less than or equal in absolute 
value to the first dwell threshold, and to "pass the first dwell 
threshold" if that correlator 20 produces a first dwell corre- 
lation value S M having an absolute value greater than the 
first dwell threshold. All correlators 20 have two complex 
registers in memories 24 for accumulating correlation val- 
ues. 

Following the IS-95 standard, the first correlation is 
performed at a delay of -30. 
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Note: Correlators 3 and 6 hnve passed the first dwell threshold. Therefore, 
these two correlators remabi-at their old- delays, to continue correlating for 
Ihe second dwell lime. The other correlators, having foiled the Orel dwell 
threshold, are set to the next delays. 

Now, an interrupt is generated. Hold unit 26 performs a 
hold of which is delay of the earliest correlator 

(correlator 3) relative to the start of the window, and 5 is 
subtracted from all the index values and from the value in 
the next location register. 

TABLE 4 

„__ ■ 1536T r 
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new value in 

new index corresponding next location 
value delay register 



1 fail threshold 6 -19 

2 fiiil threshold S l A -1SV4 

3 continue (2 nd ) 0 -25 



61*4 

7 

7 



